Part of the gyrase A gene (gyrA) of Acholeplasma laidlawii was cloned and incorporated directly downstream from a 6UHis tag segment of the pQE expression vector. The 23-kDa fusion protein was expressed as a 6UHis-tagged protein in Escherichia coli. The fusion protein was purified and used as an antigen for rabbit immunization. Western immunoblot analysis revealed that the antiserum raised against the gyrase A fragment had a specific affinity for a 108-kDa protein of A. laidlawii and cross-reacted with a 107.5-kDa protein of Acholeplasma axanthum, a 107-kDa protein of Acholeplasma granularum, and 95^97-kDa proteins of several phytoplasma-infected plants. The antiserum could also detect phytoplasmas in infected plant sap. These results demonstrate that the gyrase A protein (GyrA) of A. laidlawii shares antigenicity with the GyrA of other Acholeplasma species and also with those of phytoplasmas including some from a few groups with unrelated 16S rRNAs. ß
Introduction
Phytoplasmas (Mycoplasma-like organisms) are obligate, intracellular parasites that cause more than 300 yellow-type or witches' broom-type diseases in plants worldwide [1] . Phytoplasmas multiply both in host plant cells and in insect vector cells. The organisms are morphologically indistinguishable from each other, and thus far, none has been cultured in vitro [2] . Therefore, classi¢ca-tion of these pathogens has conventionally relied on comparative studies of their biological properties, that is, their symptomatologies, their plant host ranges, and their insect vector relationships. In the last decade, the phylogenic relationships among phytoplasmas and the phylogenic relationships between phytoplasmas and other prokaryotes have been established based on 16S rRNA sequences. These studies have classi¢ed the phytoplasmas into 14 groups [3] which are congruous with insect vector speci¢c-ity [4] , and have shown that phytoplasmas are more closely related to acholeplasmas than any other mollicute [5] . On the other hand, very little is known about phytoplasma proteins, mainly because of the di¤culty in preparing phytoplasma-speci¢c proteins from infected plant or insect vector tissues.
The gyrase A (gyrA) gene of Acholeplasma laidlawii, which codes for one of the subunits of DNA gyrase, is one of the few genes that have been described in the acholeplasmas. In addition, codon usage in the acholeplasmas is similar to that in the phytoplasmas [6] .
DNA gyrase is a type II topoisomerase which is distinct from other topoisomerases in its ability to catalyze the conversion of relaxed duplex DNA to the superhelical form. DNA gyrase also has the capability of forming and resolving knotted rings and catenanes. It is thought to have an essential role in DNA replication and in enhancing transcription, and to be involved in DNA recombination and repair [7] . DNA gyrase is composed of two type A subunits and two type B subunits. The A subunits are responsible for DNA scission and reunion [8] .
Since GyrA plays an essential role in DNA metabolism, and because its structures in phytoplasmas and acholeplasmas might be very similar, we raised antiserum against GyrA of A. laidlawii, and examined its immunospeci¢city against proteins from other species of the genus Achole-plasma. We also examined the speci¢city of the antisera to determine whether they reacted with the phytoplasmas.
Materials and methods

Acholeplasma species and culture
A. laidlawii line IFO14400 was obtained from the Institute for Fermentation, Osaka (IFO) and was used as a source of gyrA and GyrA. A. laidlawii line PG8, Acholeplasma axanthum, and Acholeplasma granularum, which were originally gifts from Dr. M.F. Barile (National Institutes of Health, Bethesda, MD, USA), were maintained and kindly supplied by Dr. K. Yamamoto. The species were subcultured in PPLO broth (containing 2.5% fresh baker's yeast extract and 20% active horse serum) and harvested after incubation for 3 days in 0.5% CO 2 at 37³C for further study.
Phytoplasma strains and sources
Four phytoplasma strains associated with mitsuba (Japanese honewort) witches' broom (JHW), garland chrysanthemum witches' broom (GCW), gentian witches' broom (GW), and tsuwabuki witches' broom (TW) were experimentally transmitted by leafhopper vectors from naturally infected plants to Madagascar periwinkle (Catharanthus roseus (L.) G. Don) plants, and maintained in a greenhouse by grafting. Details of the original ¢eld-infected plants, vector relationships, and geographic origin were described previously [4] . Rice plants naturally infected with rice yellow dwarf (RYD) phytoplasma and healthy ones were collected at Kawachi, Tochigi Prefecture, Japan.
DNA extraction and gyrA gene ampli¢cation
A. laidlawii line IFO14400 was used as a source of gyrA. The DNA was extracted as described elsewhere [9] . To identify the gyrA gene from phytoplasma, 0.1-g samples from JHW-infected and uninfected periwinkle were used for DNA extraction. DNA was extracted with a Nucleon1 Phytopure kit (Amersham) and diluted with 500 Wl of TE bu¡er.
The oligonucleotide sequences of the primers are AlGyr1, 5P-ATC AGC GAG AAT CGT TGG G-3P, and AlGyr2, 5P-TCA TGT TGT GCA CGA ACA GC-3P, which were based on a partial sequence of gyrA of strain PG9 of A. laidlawii from the EMBL database (accession No. Z96076). The AlGyr1 and 2 primers correspond to positions 808^826 and 1353^1334 in the database. Polymerase chain reaction (PCR) was performed in 25 Wl of reaction mixture containing 3 ng of template DNA, 0.5 WM of each primer, 0.5 units Taq DNA polymerase (Boehringer Mannheim), and 0.2 mM dNTPs. The reaction bu¡er (Boehringer Mannheim, 10 mM Tris^HCl pH 8.3, 1.5 mM MgCl 2 , 50 mM KCl) was used throughout. Twenty-¢ve PCR cycles were conducted in a Minicycler1 (MJ Research, Inc.), with the following cycles: denaturation for 30 s (1 min for the ¢rst cycle) at 94³C, annealing for 30 s at 56³C and primer extension for 30 s (1 min in the ¢nal cycle) at 72³C. The PCR products were analyzed in a 5% polyacrylamide gel in Tris-borate EDTA bu¡er and used for antigen production.
To amplify the full-length gene of gyrA, we used the primers AlFGyr1, 5P-GAA AAG GAT AGG ATC Cat gAG TGA AAA TAC AG-3P, and AlFGyr2, 5P-GAT ACC CTT AAC TGC AGC AAA TCT TTG TTC ACC-3P, in which the underlines show BamHI and PstI restriction site, respectively, and lower case letters show the start codon of gyrA. The primers were designed from the EMBL database (accession No. AF167102), and include the full gyrA sequence of A. laidlawii PG-8B strain. The AlFGyr1 and 2 primers correspond to positions 1906^1940 and 4946^4914 in the database. PCR was performed in 25 Wl of reaction mixture containing 3 ng of template DNA, 0.5 WM of each primer, 0.5 units Taq DNA polymerase, and 0.2 mM dNTPs. The reaction bu¡-er was used throughout. Thirty PCR cycles were performed with the following cycles: denaturation for 30 s (1 min for the ¢rst cycle) at 94³C, annealing for 30 s at 64³C and primer extension for 30 s (1 min in the ¢nal cycle) at 72³C. The PCR products were analyzed in a 1% agarose gel in Tris-borate EDTA bu¡er.
gyrA cloning and plasmid construction
A 546-bp PCR product from A. laidlawii line IFO14400 was cloned into SmaI-digested pUC18, and used to transform Escherichia coli strain DH5K competent cells. The cloned A. laidlawii gyrA fragment was veri¢ed by nucleotide sequence analysis. Sequencing data were analyzed with the software package GeneWorks0 (Oxford Molecular Group Inc.). The cloned gyrA fragment was digested with BamHI and SacI, and the 555-bp fragment was inserted into a pQE30 expression vector. The recombinant plasmid, named pAlgyrA#2-1, was used to transform E. coli M15 competent cells (Qiagen).
A 3042-bp PCR product from A. laidlawii line IFO14400 was digested with BamHI and PstI, and cloned into pQE30. The recombinant plasmid, named pFAlgyrA#7, was used to transform E. coli M15 competent cells. The cloned expression vectors were veri¢ed by nucleotide sequence analysis.
Fusion protein expression and puri¢cation
To make enough GyrA for raising antiserum, a Histagged GyrA fusion protein was produced in E. coli. Three hundred milliliters of LB broth, containing 100 Wg ml 31 ampicillin and 25 Wg ml 31 kanamycin, were inoculated with 15 ml of fresh overnight culture of E. coli M15 cells bearing the recombinant pQE plasmids and incubated at 37³C with vigorous shaking. When the OD 600 of the suspension reached approximately 0.5, expression was induced by adding isopropyl L-D-thiogalactopyranoside (IPTG) to a ¢nal concentration of 1 mM and incubation was continued at 37³C for 1 or 4 h. Cells were harvested and puri¢ed by nickel-NTA metal-a¤nity chromatography according to the recommendations of the manufacturer (Qiagen).
The expressed protein and puri¢ed protein were examined with 15% or 6.5% SDS^PAGE, and visualized by Coomassie staining.
Antibody production
An antiserum against the expression product was raised in a rabbit through an intramuscular injection of a 1:1 mixture of puri¢ed 1 mg expression product and Freund's complete adjuvant, followed by two booster injections of a 1:1 mixture of puri¢ed expression product and Freund's incomplete adjuvant at 2-week intervals. Blood was collected from the ear vein 2 weeks after the ¢nal injection.
Western immunoblotting
In Acholeplasma spp. samples, the cells from 1 ml of PPLO broth culture were centrifuged, and the pellet was resuspended in 1 ml of 2USDS sample bu¡er (50 mM Tris^HCl pH 6.8, 2% SDS, 2% mercaptoethanol). E. coli cells that expressed the antigen and full GyrA fusion protein were cultured in LB broth with or without IPTG induction. One milliliter of each culture medium was centrifuged, and the pelleted cells were resuspended in 150 ml of 2USDS sample bu¡er. One nanogram of puri¢ed GyrA fusion proteins from E. coli was suspended in 8 Wl of 2USDS sample bu¡er.
Leaves of healthy or phytoplasma-infected plants (0.1 g) were homogenized with 1 ml of 2USDS sample bu¡er.
The SDS^PAGE samples were placed in boiling water for 5 min and centrifuged to remove insoluble materials. Each well was loaded with a mixture containing 8 Wl of the supernatant plus 2 Wl of dye solution.
After separation by 6.5% or 15% SDS^PAGE, proteins were transferred to a nitrocellulose membrane using a semi-dry blotting chamber. For immunostaining, the membrane was blocked with 3% gelatin in TTBS (20 mM Tris^HCl pH 7.5, 500 mM NaCl, 0.05% Tween 20, and 1/5000 NaN 3 ) for 1 h. The membrane was then incubated for 1 h with the anti-GyrA serum in a 1/1000 dilution in TTBS with 1% gelatin. The second antibody reaction was performed in a 1/3000 dilution of alkaline phosphataselinked anti-rabbit IgG (H and L) antibody (Bio-Rad) in TTBS with 1% gelatin for 1 h. To detect the biotinylated molecular mass marker, avidin-AP (Bio-Rad) was added in a 1/3000 dilution in the second antibody solution. AP color development was done for a few minutes with AP 9.5 (100 mM Tris^HCl pH 9.5, 1 mM MgCl 2 ) containing 0.33 mg ml 31 of nitro blue tetrazolium and 0.165 mg ml 31 of 5-bromo-4-chloro-3-indoyl phosphate.
Results
PCR and cloning of gyrA
A 546-bp fragment of gyrA was consistently ampli¢ed by PCR using the AlGyr1 and AlGyr2 primers when the template was prepared from A. laidlawii IFO14400, but not when the template was prepared from a phytoplasma-infected plant or a healthy one (Fig. 1) . The sequence of the PCR product cloned into pUC18 di¡ered from the sequence of accession No. Z96076 (from which the primer pair was designed) at nucleotide position 480 (a T-to-G substitution), resulting in substitution of isoleucine for methionine (Fig. 2) . Digestion of the cloned gyrA fragment with BamHI and SacI produced a fragment containing a 546-bp sequence of gyrA with additional 7-bp and 12-bp pUC18 sequences located upstream and downstream from the gene, respectively (Fig. 2) . This fragment was cloned into expression vector pQE30, to obtain pAlgyrA#2-1.
A 3042-bp fragment including full-length gyrA was consistently ampli¢ed by PCR using the AlFGyr1 and AlFGyr2 primers when the template was prepared from A. laidlawii IFO14400. To obtain pFAlgyrA#7, the PCR product was digested with BamHI and PstI and cloned into expression vector pQE30 (Fig. 3) . The pFAlgyrA#7 had an adenine base insertion between positions 4365 and 4366 of A. laidlawii strain PG-8B (AF167102) (Fig. 3) . 
Protein expression and puri¢cation
The IPTG induction for 4 h of E. coli cells bearing pAlgyrA#2-1 produced a 6UHis fusion protein (FPGyrA). This protein had an electrophoretic mobility closely corresponding to the expected 23-kDa value. The protein was then puri¢ed (Fig. 4a 1 ) and used for production of an antiserum in rabbit.
The IPTG induction for 1 h of E. coli cells bearing pFAlgyrA#20 produced a 6UHis fusion protein (FFPGyrA). This protein had an electrophoretic mobility closely corresponding to that expected for the mature product, 109 kDa (Fig. 4b) .
Western immunoblotting
A rabbit was immunized with 1 mg FPGyrA for the preparation of anti-GyrA serum. The anti-GyrA serum reacted speci¢cally with a 23-kDa antigen in a crude preparation of the transformed E. coli cells (Fig. 4a 2 , lane 2) and with 1 ng of FPGyrA, at a molecular mass of 23 kDa (lane 3).
The anti-GyrA serum successfully reacted with (1) a native homologous antigen of A. laidlawii IFO14400 at a molecular mass of 108 kDa (Fig. 5, lane 1) , (2) 4 . SDS^polyacrylamide gel electrophoresis and Western immunoblot analysis against E. coli expressed products. a1: SDS^polyacrylamide gel (15%) electrophoresis. MW, SDS^PAGE standard (Bio-Rad). Lanes: 1 and 2, E. coli transformed by AlgyrA#2-1, without and with IPTG induction, respectively; 3, 6UHis fusion protein (FPGyrA) puri¢ed by nickel-NTA metal-a¤nity chromatography. a2: Western immunoblotting of expressed fusion proteins. Lanes: 1 and 2, E. coli transformed by AlgyrA#2-1, without and with IPTG induction, respectively ; 3, 1 ng of 6UHis fusion protein (FPGyrA) puri¢ed by nickel-NTA metal-a¤nity chromatography. b: SDS^polyacrylamide gel (6.5%) electrophoresis of expressed fusion proteins. MW, SDS^PAGE standard (Bio-Rad). Lanes: 1 and 2, E. coli transformed by FAlgyrA#7, without and with IPTG induction, respectively; 3, 6UHis fusion protein (FFPGyrA) puri¢ed by nickel-NTA metal-a¤nity chromatography. against A. laidlawii using pre-immune sera did not form any bands (data not shown).
A Western immunoblot of various phytoplasma-infected and uninfected plants samples using anti-GyrA serum is shown in Fig. 6 . Anti-GyrA serum speci¢cally reacted with antigens in each of the phytoplasma-infected plant samples: it reacted with a 94.5-kDa antigen in JHW (lane 2), a 95-kDa antigen in GCW (lane 3), 96-kDa antigens in TW (lane 4) and GW (lane 5), and a 97-kDa antigen in RYD (lane 7), but it did not react with proteins in healthy periwinkle (lane 1) or healthy rice (lane 6). The multiple immunoreactive bands in lanes 6 and 7 appear to be due to non-speci¢c reactions between the polyclonal serum and various plant proteins.
Discussion
The gyrA database of A. laidlawii strain PG-8B (AF167102) consists of 824 amino acids with a predicted molecular size of 92 863 Da. However, the Western immunoblot indicated that the natural product of GyrA of Acholeplasma spp. had a molecular mass of 108^107 kDa (Fig. 5) . To explain the signi¢cant di¡erence between these values, we tried to express full gyrA, and succeeded in expressing the FFPGyrA as a product of pFAlgyrA#7. Sequence alignment of pFAlgyrA#7 and AF167102 revealed that pFAlgyrA#7 is extended by 43 amino acids compared with AF167102 and this extension was due to an adenine base insertion. As a result, the FFPGyrA consists of 879 amino acids including 12 amino acids in the NP-terminus that are derived from the vector (Fig. 3) .
The FFPGyrA has a predicted molecular size of 98 863 Da. A non-fused FFPGyrA of predicted molecular size 97 466 Da was 4.6 kDa larger than the size given by the EMBL database (AF167102). The slight di¡erence in mobility between FFPGyrA and the natural product of GyrA against A. laidlawii strain IFO14400 is probably due to the additional 12 amino acids (with a molecular mass of 1.4 kDa) (Fig. 5) .
The FFPGyrA, with a predicted molecular size is 98 863 Da, had a mobility corresponding to 109 kDa in SDSP AGE (Fig. 4b) and immunoblotting (Fig. 5) . The mobility of FFPGyrA in the Western blot and the mobility of the natural product of GyrA of A. laidlawii were close to each other, corresponding to a di¡erence in molecular mass of approximately 1 kDa (Fig. 5) .
The di¡erence between molecular masses estimated from the electrophoretic mobility and the predicted molecular size from the database appears to be due to not only mutation of the gene but also the electrophoretic mobility of GyrA. These results strongly suggest that the anti-GyrA antibody detects GyrA of A. laidlawii.
It has been di¤cult to prepare pure immunogens from phytoplasmas because phytoplasmas are unculturable and are restricted to phloem tissues in plants. Thus far, partially puri¢ed phytoplasma proteins have been used as antigens for monoclonal antibodies, but this is too laborious for screening against hybridoma lines [10, 11] . Some antigens have been puri¢ed from host plants and have been used to create a few polyclonal antibodies that are speci¢c to homologous phytoplasmas [12] . Recently, a phytoplasma gene was expressed in E. coli in order to produce a protein [13] , and this method was used for polyclonal antibody production [14] . However, this antibody did not react with antigen preparations from a closely related phytoplasma. These results show that these antibodies were not very good ones for phytoplasma detection.
The GyrA protein appears to be a good candidate for the immunodetection of phytoplasmas. This protein is found in most prokaryotic cells but not in eukaryotic cells. Although there is no direct evidence of GyrA in a phytoplasma, a gyrase is likely present because an extrachromosomal supercoiled DNA has been detected in a phytoplasma [15] . Thus, we expected that a GyrA protein could be used for the immunodetection of a phytoplasma.
We think that the antiserum cross-reacted with the GyrA proteins of the phytoplasmas examined in this study for two reasons. First, phytoplasmas and acholeplasmas are closely related [5] and they share similar codon usage [6] . Secondly, the gyrA region of A. laidlawii, which was synthesized as a fusion protein, included an amino acid sequence that is highly conserved in prokaryotes. On the other hand, the antigen did not recognize the E. coli GyrA (Fig. 5, lanes 4 and 5) . The GyrA part of the His-tagged antigen protein includes a region that has 64.8% homology with the GyrA of E. coli (X57174). This homology is lower than the homology between the GyrA of A. laidlawii and the GyrAs of other mollicutes and even bacilli. We suggest that the E. coli GyrA did not share antigenicity with the A. laidlawii GyrA because of this low homology. In this study, plants infected with phytoplasmas belonging to three distinct 16S rRNA groups were tested. JHW and GCW are in group I-B, TW and GW are in group III-B, and RYD is in group XI [3] . All phytoplasmas tested reacted positively with only slight di¡erences in mobilities. These results suggest that (1) phytoplasmas have a GyrA that is antigenically homologous to the GyrA of acholeplasmas, and (2) the GyrA proteins of the di¡erent phytoplasma groups are slightly di¡erent (Fig. 6) . Thus, the anti-GyrA serum prepared for this study might be able to detect phytoplasmas belonging to other 16S rRNA groups.
This antibody is expected to be a useful tool for the detection of phytoplasmas in infected plants.
